The interplay of structural, orbital, charge, and spin degrees of freedom is at the heart of many emergent phenomena, including superconductivity. Unraveling the underlying forces of such novel phases is a great challenge because it not only requires understanding each of these degrees of freedom, it also involves accounting for the interplay between them. Cerium-based heavy fermion compounds are an ideal playground for investigating these interdependencies, and we present evidence for a correlation between orbital anisotropy and the ground states in a representative family of materials. We have measured the 4f crystal-electric field ground-state wave functions of the strongly correlated materials CeRh 1−x Ir x In 5 with great accuracy using linear polarization-dependent soft X-ray absorption spectroscopy. These measurements show that these wave functions correlate with the ground-state properties of the substitution series, which covers long-range antiferromagnetic order, unconventional superconductivity, and coexistence of these two states.
W hy do many chemically and structurally highly similar compounds develop different ground states? This seemingly simple question still eludes a straightforward description despite intense research. However, it is specifically pressing in view of the quest for a deeper insight into unconventional superconductivity.
We here investigate heavy fermion metals, i.e., rare earth or actinide materials, in which a plethora of phenomena including antiferromagnetism and unconventional superconductivity can be observed. In these compounds, the f electrons hybridize with the conduction electrons (cf -hybridization), and, in analogy to the Kondo effect in diluted systems, the local magnetic moments can be screened in these so-called "Kondo lattices" at sufficiently low temperatures. However, the Kondo effect competes with the Ruderman-Kittel-Kasuya-Yosida interaction, which typically favors long-range magnetic order. As a result of this competition, a quantum phase transition from magnetically ordered to paramagnetic, more itinerant f electron behavior can take place. The balance of both interactions can be tuned by external parameters such as pressure, magnetic field, or doping (1) . Non-Fermi liquid behavior and, of interest here, unconventional superconductivity often occur in the vicinity of such quantum critical points. However, despite research over the last 30 y, the ability to predict conditions favorable for superconductivity has remained elusive. Here, the cerium-115 family CeMIn 5 with M = Co, Ir, and Rh is ideally suited for a systematic study because ground states and changes in Fermi volumes in this family can be tuned easily by substitutions of one M element for another .
These heavy fermion compounds CeMIn 5 crystallize in the tetragonal HoCoGa 5 -type structure as depicted in Fig. 1 , with In1 being the in-plane and In2 the out-of-plane indium. Fig. 2 shows the substitution phase diagram of CeRhIn 5 , where Rh is substituted by Ir or Co (5, (8) (9) (10) (12) (13) (14) (15) . For clarity, we show the magnetically ordered and superconducting regions on separate scales (up and down, respectively). CeCoIn 5 and CeIrIn 5 are superconductors with transition temperatures of T c = 2.3 and 0.4 K (6, 7). CeRhIn 5 , however, orders antiferromagnetically at T N = 3.8 K. The magnetic order of CeRhIn 5 is incommensurate [incommensurate antiferromagnetically ordered (IC AF)] with the magnetic moments aligned in the ab plane, propagating in a spiral along the tetragonal c axis (3). Substituting Rh with Ir or Co tunes the ground state away from magnetic ordering toward bulk superconductivity by passing through regions where magnetic order and superconductivity coexist, and where-in the case of Ir substitution-a second commensurate magnetic phase has been observed (10) . A commensurate phase has also been observed on the Co side, but here the coexistence with the incommensurate order is still a matter of debate, possibly due to uncertainties of the samples' stoichiometry (12) (13) (14) (15) . We note that the Fermi surface of CeRhIn 5 resembles that of LaRhIn 5 , i.e., the 4f electron of Ce remains localized and does not contribute to the Fermi surface volume, in contrast to the Ir and Co samples, which show enlarged Fermi surfaces volumes, implying a more itinerant f electron behavior (18) (19) (20) (21) (22) 25) , especially in the regions of pure superconductivity (23, 24) .
On the search for interdependencies of physical parameters and ground-state properties, Bauer et al. (26) speculated about a linear relationship between lattice anisotropy c=a (here a and c are the lattice constants) and the superconducting transition temperature T c for the superconducting plutonium and cerium-115 compounds. We, however, can see from Fig. 2 that this relationship does not hold for almost one-half of the phase diagram. The colored squares in Fig. 2 show the lattice anisotropy c=a
Significance
The ground state of materials with strong electronic correlations depends on a delicate balance among competing interactions. The strongly correlated compounds CeMIn 5 , with M = Co, Rh, and Ir, exhibit superconducting and magnetic ground states as well as Fermi surface changes upon substituting one M element for another and become even higher temperature superconductors when Ce is substituted by Pu. They are therefore recognized as important model systems in which a search for parameters correlating with the occurrence of these ground states could be successful. The present X-ray absorption study of CeRh 1−x Ir x In 5 reveals that anisotropy of the Ce 4f-wave function is a significant parameter that is highly sensitive to the groundstate formation and should be taken into account when modeling these systems. . Consequently, the lattice anisotropy has no predictive power concerning the formation of a superconducting ground state, motivating us to look further for a more fundamental parameter. In the following, we concentrate on the CeRh 1−x Ir x In 5 substitution series because the phase diagram is well defined (Fig. 2) .
The importance of momentum-dependent hybridization and the impact of the anisotropic crystal-electric field (CEF) groundstate wave functions have been discussed by several groups (27) (28) (29) (30) (31) . For the heavy fermion compound CeIrIn 5 , Shim et al. (32) have even made specific predictions on the basis of first-principle dynamical mean field theory calculations. In particular, their calculations claim that the out-of-plane hybridization with the In2 ions is stronger than the in-plane one. These theoretical findings of anisotropic hybridization should be reflected in the CEF potential, implying a systematic change of the CEF wave function with hybridization and, consequently, with the groundstate properties. However, such an impact of the CEF wave function on the ground-state properties has never been proven experimentally, most likely due to the lack of accuracy of common methods. Here, we present results of a systematic investigation of the CEF ground states and the different ground state properties of CeRh 1−x Ir x In 5 using the soft X-ray absorption technique, which specifically targets the 4f ground-state wave function.
Results
Soft X-Ray Absorption Spectroscopy and Choice of Samples. We recently started using soft X-ray absorption spectroscopy (XAS) at the rare earth M-edges as a method for measuring CEF groundstate wave functions in heavy fermion compounds (33) (34) (35) . Here, the dipole selection rules for linearly polarized light provide the sensitivity to the ground-state symmetry and allow its determination with unprecedented accuracy. The knowledge of excited CEF states is not required for the ground-state analysis as long as the data are taken at low enough temperatures; nor are data statistics or background hampering the result. This is a great advantage over more conventional methods like inelastic neutron scattering and singlecrystal susceptibility.
We have chosen the Ir concentrations x = 0, 0.2, 0.3, 0.5, 0.75, and 1 of the CeRh 1−x Ir x In 5 series for the linear polarized soft XAS experiment. Here, x = 0 and 0.2 cover the purely incommensurate antiferromagnetic region of the phase diagram with an almost identical T N . The region of phase coexistence, which comprises an incommensurate, a commensurate, and a superconducting state, is covered with the x = 0.3 and 0.5 samples. We note that, in both magnetic phases, the magnetic moments are aligned antiferromagnetically in the basal plane and that the region of phase coexistence has been discussed in detail in ref. 16 . The magnetic order decays rapidly with further increasing Ir concentration so that the samples with x = 0.75 and 1 are purely superconducting. By this choice, we cover all phases of interest with two samples each for our systematic investigation of the orbital anisotropy.
XAS Data of CeRh 0.8 Ir 0.2 In 5 . As an example, the top of Fig. 3 shows the total-electron-yield (TEY) intensities of the cerium M 4 and M 5 edge of CeRh 0.8 Ir 0.2 In 5 for the two polarizations E ⊥ c (blue) and E k c (red) at T = 8 K. This temperature is low enough to assure excited CEF states are not populated (ΔE 1 ∼ 70 K and ΔE 2 ∼ 230 K) (34, 36, 37) , so that the clear difference between the two polarizations is representative for the out-of-plane anisotropy of the ground-state orbital. The green dots in Fig. 3 , Bottom, present the resulting linear dichroism (LD) in a 10-fold enlargement. The LD is the difference of the intensities for E ⊥ c and E k c. The data were then analyzed with an ionic full multiplet calculation (Materials and Methods, Analysis).
The CEF ground state in this compound family is a Γ 7 Kramer's doublet (34, 36, 37) and can be expressed in terms of J z as follows:
The quantity α 2 determines the out-of-plane anisotropy where α 2 > 1=6 (α 2 < 1=6) corresponds to a more oblate (prolate) 4f orbital. We find that a Γ 7 ground state with α 2 = 0.387 ± 0.005 describes the data (Fig. 3, Middle) , and in particular the LD (black line in the panel at Bottom), very well. The Inset visualizes the corresponding 4f orbital. Note that dipole experiments like inelastic neutron scattering or soft XAS determine α 2 , so that the sign of α cannot be determined.
Linear Dichroism of All Compositions. The results for the other Ir concentrations, which were obtained in the same manner, are summarized in Fig. 4 . In the top panels of Fig. 4 , the measured LD of both edges is depicted for the entire series of CeRh 1−x Ir x In 5 from x = 0-1. The LD is largest for the two Rh rich concentrations x = 0 and 0.2 (red and orange dots). It then decreases rapidly for the intermediate Ir concentration x = 0.3 (light green) and even more so for x = 0.5 (dark green). The LD is smallest and almost the same on the Ir-rich side (x = 0.75 and 1, light and dark blue dots). The lower panels of Fig. 4 exhibit the corresponding simulated LD, which reproduce nicely the measured strong reduction of the LD with increasing Ir concentration. The resulting orbital anisotropies α 2 are listed in Table 1 . It is important to note that the LD of the interim compositions cannot be simulated with the respective fractions of the LD of CeRhIn 5 and CeIrIn 5 . This is most obvious for CeRh 0.5 Ir 0.5 In 5 , where 0:5 LD CeRhIn 5 + 0:5 LD CeIrIn 5 would yield an α 2 = 0.321, whereas a value of 0.284 has been observed. This change of LD indicates that the CEF ground-state wave function changes monotonically, but not linearly with the Ir concentration, unlike the lattice anisotropy in Fig. 2 . For completeness, we also give the value for CeCoIn 5 in Table 1 (Fig. 4) (Fig. 5) . Actually, its α 2 value falls rather nicely onto the phase diagram when using the same scaling as for the CeRh 1−x Ir x In 5 substitution series. This strongly supports our conjecture that α 2 is a parameter that correlates with the magnetic as well as the superconducting phases, in contrast to a=c, which only serves the superconducting samples. The implication of the changing J z contribution on the spatial distribution of the 4f electrons in the CEF ground state is obvious when recalling that the pure J z = j±5=2i is donut shaped, whereas the pure j±3=2i is yo-yo shaped (33) . Upon going from CeRhIn 5 to CeIrIn 5 , the orbital extends increasingly out-of-plane (Fig. 5 ) such that it becomes less oblate with increasing Ir concentration. For CeCoIn 5 the 4f orbital is prolate, i.e., has the largest extension in the c direction, and CeCoIn 5 has the highest superconducting transition temperature. We discuss possible correlations and implications in the following.
Intuitively, one would expect that the lattice anisotropy follows the orbital anisotropy, a behavior that has been observed, e.g., in the Ce-monopnictides (38) . However, in the CeMIn 5 family, this is obviously not the case. Although the lattice constants of the CeRh x Ir 1−x In 5 series nicely follow Vegard's law (8) , so that the "lattice" anisotropy a=c in Fig. 2 changes accordingly with the Ir concentration, the "orbital" anisotropy α 2 changes in a strongly nonlinear manner (Fig. 5) . Furthermore, while the unit cell becomes shorter along the c axis from Rh to Ir, the 4f orbital extends increasingly out of the ab plane, suggesting an anticorrelation, rather than a correlation, between the 4f wave function's "flatness" and the a=c ratio. However, CeCoIn 5 indicates the opposite (i.e., correlating) behavior: in this compound, the 4f orbital is the most extended one along c, whereas the smallest a=c ratio (largest c=a) is observed. Apparently, there is no obvious systematics between orbital and lattice anisotropy (compare Figs. 2 and 5) .
We now focus on the orbital angular distribution with respect to the degree of cf -hybridization in this compound family. We emphasize that the degree of hybridization has been measured by independent experiments. The stronger cf -hybridization of the superconducting compounds CeIrIn 5 and CeCoIn 5 is reflected in a larger Fermi surface (18) (19) (20) (21) (22) 25) and also in a larger quasielastic line width. Inelastic neutron scattering on powder samples found a line width of half-width at half-maximum ∼1.4 meV for the magnetically ordering Rh compound and line widths at least twice as large for CeIrIn 5 and CeCoIn 5 (34) . The importance of direction-dependent hybridization is an obvious consequence when combining the two experimental findings of cf -hybridization strength and angular distribution of the CEF wave function. The taller orbitals are more strongly hybridized. This is in agreement with the theoretical conjecture by Shim et al. (32) that the out-ofplane hybridization with the In2 ions is most important despite nearly identical Ce-In bond lengths [Table 1 (39) ], thus providing a channel for the In2-M interaction to contribute significantly to the total electronic energy minimization. This yields a natural explanation for why the physical properties depend so much on the transition metal atoms. As a consequence of the anisotropic hybridization, the shape of the CEF wave function, i.e., the parameter α 2 , marks whether a compound is more itinerant and possibly superconducting, or more localized and antiferromagnetic.
How does this relate to the observed (26) linear correlation between the lattice anisotropy a=c and T c for the superconducting plutonium and cerium-115 compounds? We already noted that this correlation only holds for the superconducting compositions, so that the a=c ratio by itself cannot be used to predict whether or not a compound becomes superconducting. For example, the a=c ratio of CeRhIn 5 would indicate a finite T c at ambient pressure, whereas experimentally no superconductivity has been recorded (Fig. 2) . Here, we infer that α 2 is the parameter that distinguishes superconducting from nonsuperconducting compounds. Once the purely superconducting region of the phase diagram has been reached, α 2 does not change any more and the a=c ratio seemingly tunes T c .
Summary. The CEF ground-state wave functions of the CeRh 1−x Ir x In 5 substitution series have been determined, and a clear correlation between ground-state properties and wave functions has been observed. These findings suggest that the shape of the cerium wave function-expressed through the parameter α 2 -serves as a good predictor of whether a given material becomes superconducting or magnetic. More generally, anisotropic hybridization must be a necessary component in an appropriate description of Kondo lattice materials and of the evolution of their ground states as a function of a nonthermal tuning parameter.
Materials and Methods
Samples. High-quality single crystals of CeRh 1−x Ir x In 5 were grown by flux growth and well characterized by magnetic susceptibility and/or heat capacity to ensure their nominal composition is in accordance with the phase diagram (8, 10) . Before the absorption experiment, all crystals were aligned within 1-2°by Laue X-ray diffraction.
Method. The linearly polarized soft XAS experiment was performed at the European Synchrotron Radiation Facility in Grenoble, France, at the ID08 undulator beamline. We recorded the Ce M-edge absorption spectra in the TEY mode. The energy resolution at the M 4,5 edges ðhν ≈ 875 − 910 eVÞ was set to 0.2 eV. The samples were cleaved in situ in an ultrahigh-vacuum chamber with a pressure of 2 × 10 −10 mbar at 8 K. The M 4,5 edges were recorded for light polarized parallel (E k c) and perpendicular (E ⊥ c) to the tetragonal c axis. Here, the undulator beamline has the advantage that, for Note that α 2 = 1=6 ≈ 0:166 would correspond to a cubic-type orbital. Ce-In1 and Ce-In2 are the distances between cerium and the in-plane (In1) and out-of-plane indium (In2) as taken from ref. 39. normal incidence, the polarization can be changed without moving the sample, so that the same sample spot is probed for both polarization directions. For each sample, different spots were probed to rule out sample inhomogeneities. The data of CeRh 1−x Ir x In 5 were taken at 8 K for the four Ir substitutions, x = 0.2, 0.3, 0.5, and 0.75. The excited CEF states are above 5 meV (∼50 K) (34, 36, 37) so that at 8 K only the ground state is probed. The data of CeRhIn 5 (x = 0), CeIrIn 5 (x = 1), and also of CeCoIn 5 were taken in a previous experiment (34) . For the data analysis, all data were normalized to the intensity of the isotropic spectra I iso = (2I E⊥c + I E k c )/3.
Analysis. The XAS data have been simulated with ionic full multiplet calculations based on the XTLS 8.3 program (40) . The atomic parameters are given by reduced Hartree-Fock values. The reduction accounts for the configuration interaction, which is not included in the Hartree-Fock calculations and is determined from fitting the isotropic spectra I iso . Typical reductions are about 40% for the 4f-4f Coulomb interactions and about 20% for the 3d-4f interactions (33) (34) (35) . In the present manuscript, the LD of the end members of the series were analyzed in the same manner as for the substitution series investigated here.
